Development and application of a three-dimensional water quality model in a partially-mixed estuary, Southampton Water, UK by Shi, L.
University of Southampton Research Repository
ePrints Soton
Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  
 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.
AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination
http://eprints.soton.ac.ukUNIVERSITY OF SOUTHAMPTON
Development and application of a three-dimensional water quality
model in a partially-mixed estuary, Southampton Water, UK
by
Lei Shi
Thesis submitted to the University of Southampton
For the degree of Doctor of Philosophy
School of Ocean and Earth Science
Faculty of Science
March 20006.3.2 Oxygen-demanding matter (BOD and COD) 137
6.3.3 Atmosphere re-aeration 138
6.3.4 Nitrification 139
6.4 Internal model (phytoplankton growth model) structure 139
6.4.1 State variables and model equations 139
6.4.2 Solar radiation beneath sea surface 141
6.4.2.1 Light attenuation in sea water 141
6.4.2.2 Parameterisation of light attenuation coefficient in the Itchen
Estuary and Southampton Water 143
6.4.2.3 Modelling solar irradiance in the internal model 144
6.4.3 Phytoplankton photosynthesis and growth 144
6.4.3.1 Photosynthesis as a function of irradiance 144
6.4.3.2 Derivation of a phytoplankton photosynthesis model under
principle of energy conservation 145
6.4.3.3 Threshold limitation approach 146
6.4.3.4 Reproduction of the photosynthesis pigment 147
6.4.4 Phytoplankton respiration and mortality 147
6.4.5 Zooplankton grazing and mortality 148
6.4.6 Detritus (paniculate organic matter) 148
6.4.7 Nutrients in the internal modal 149
6.4.8 DO in the internal model 149
6.5 Temperature dependence of the processes 149
6.6 Sedimentation of suspended particulate organic matter 149
6.7 Link substances and integration of the external model and internal model 150
Chapter 7 Application of water quality (DO) model in Southampton Water 153
7.1 Model configuration 153
7.2 Initial condition and boundary condition 153
7.3 Result from the external (DO-BOD) model 154
7.3.1 Salinity 154
7.3.2 Dissolved oxygen 159
7.3.3 Oxygen demanding matter 165
7.3.4 Inorganic nutrients 165
7.3.4.1 Ammoniacal nitrogen 170
7.3.4.2 Nitrate 170
7.3.4.3 Phosphate 171
7.3.4.4 Nutrients against salinity 171
7.4 Results from the integrated water quality (DO) model 175
mAppendix 1 Parameters of the external model 214
Appendix 2 Parameters of the internal model 215
References 220Figure 5.4 Depth-averaged tidal currents from 3-D model in the Solent estuarine system at
different phases of a tidal cycle 89
Figure 5.5 Depth-averaged tidal currents from 3-D model in Southampton Water during flood
and ebb of a tidal cycle 90
Figure 5.6 The Schematic diagram of the interrelation between the Eulerian residual current, the
Stokes drift, the mass transport velocity (mean Lagrangian residual), the Lagrangian
drift, and the Lagrangian residual current (from Chen et al., 1986) 92
Figure 5.7 M2 tidal induced mean Lagrangian residual current in the Solent estuarine system
93
Figure 5.8 Tidal flux through sections across the west Solent at Hurst Castle and east Solent at
Spithead 92
Figure 5.9 Water exchange between Southampton Water and the Solent through a section across
the estuary at Calshot castle. All tracers are released at mid-flood tide; + represents the
water mass from the Solent entering Southampton Water; • shows the water mass
originated from Southampton Water entering the Solent 95-97
Figure 5.10 Surface and bottom layer residual flux velocity from 3-D model in Southampton
Water, 18/06/98 99
Figure 5.11 Surface and bottom layer residual flux velocity from 3-D model in the Test Estuary
and the Itchen Estuary, 18/06/98 100
Figure 5.12 Depth-averaged residual flux velocity from 3-D model in Southampton Water,
18/06/98 101
Figure 5.13 Schematic depiction of a partially mixed estuary (strong). Upper diagram is a
longitudinal - vertical section along the thalwag, while the lower diagram is a plan view
of this type of estuary (from Pritchard, 1989) 102
Figure 5.14a Comparison of predicted tidal elevation (Admiralty Tide Tables) with computed
tidal elevation from 3-D model at Dockhead on 18/19 June 1998 104
Figure 5.14b Comparison of ADCP observed tidal elevation with analysed and computed tidal
elevation from 3-D model at Hound Buoy on 18/19 June 1998 104
Figure 5.15a Depth-averaged longitudinal tidal current (ADCP observation) at Hound Buoy on
18/19 June 1998 105
Figure 5.15b Longitudinal tidal current (ADCP observation) at Hound Buoy on 18/19 June 1998
105
Figure 5.16a Depth-averaged longitudinal tidal current (9-layer 3-D model, without wind stress
and estuarine circulation) at Hound Buoy on 18/19 June 1998 106
Figure 5.16b Longitudinal tidal current (9-layer 3-D model, without wind stress and estuarine
circulation) at Hound Buoy on 18/19 June 1998 106
vmFigure 5.32 Bottom salinity distribution (dry season, mean tide) in Southampton Water from 9-
layer 3-D model 124
Figure 5.33 Longitudinal salinity distribution (dry season, spring tide) along main channel of the
Itchen Estuary and Southampton Water from Woodmill to Calshot Buoy 125
Figure 5.34 Time-averaged surface salinity distribution (dry season) for neap, mean and spring
tide conditions in Southampton Water from 9-layer 3-D model 126
Figure 5.35 Time-averaged bottom salinity distribution (dry season) for neap, mean and spring
tide conditions in Southampton Water from 9-layer 3-D model 127
Figure 5.36 Time-averaged and depth-averaged salinity distribution (dry season) for neap, mean
and spring tide conditions in Southampton Water from 9-layer 3-D model 128
Figure 5.37 Longitudinal time-averaged salinity distribution (dry season) for neap, mean and
spring tide conditions along main channel of the Itchen Estuary and Southampton Water
from Woodmill to Calshot Buoy 129
Figure 5.38 Lateral salinity distribution at the section across Southampton Water at Hound
Buoy on 18/19 June 1998 130
Figure 5.39a Depth-averaged salinity (CTD observation) at Hound Buoy on 18/19 June 1998
132
Figure 5.39b Salinity in water column (CTD observation) at Hound Buoy on 18/19 June 1998
132
Figure 5.40a Depth-averaged salinity (9-layer 3-D model, with wind stress and estuarine
circulation) at Hound Buoy on 18/19 June 1998 133
Figure 5.40b Salinity in water column (9-layer 3-D model, with wind stress and estuarine
circulation) at Hound Buoy on 18/19 June 1998 133
Figure 6.1 Schematic diagram of water quality (DO) model. Model integrates external (DO-
BOD) model and internal model (phytoplankton growth model). The inorganic nutrients
(NH4, NO3 and PO4) and dissolved oxygen (DO) are the link substances between
external model and internal model 152
Figure 7.1 Seasonal variation of a) surface and b) bottom salinity from 3-layer model in the
Itchen Estuary and Southampton Water 155
Figure 7.2a Longitudinal distribution of salinity from 3-layer model 157
Figure 7.2b Longitudinal distribution of surface-bottom salinity differences from 3-layer model
157
Figure 7.2c Comparison between the tidal range (dash-dot line) and surface-bottom salinity
differences (solid line) at NW Netley 157
Figure 7.3 Annual variation of the surface salinity at a) NW Netley and b) Calshot Buoy:
comparison between observations and model output. 158Figure 7.20a-j Seasonal variation of chlorophyll a (|J,g I"
1) from integrated model, comparison
between external model results and observation at 10 survey stations 181
Figure 7.21a-j Longitudinal distribution of chlorophyll a (jig I"
1) from integrated model,
comparison between external model results and observations in 1998 182
Figure 7.22 Seasonal variation of a) surface and b) bottom detrital carbon (fxmol C I"
1) from
integrated model (with sedimentation) in the Itchen Estuary and Southampton Water
183
Figure 7.23 Seasonal variation of a) surface and b) bottom ammonium concentration (|4,mol I"
1)
from integrated model (with sedimentation) in the Itchen Estuary and Southampton
Water 186
Figure 7.24 Seasonal variation of a) surface and b) bottom nitrate concentration (|imol I"
1) from
integrated model (with sedimentation) in the Itchen Estuary and Southampton Water
187
Figure 7.25 Annual variation of the surface nitrate, phosphate concentration at NW Netley and
Calshot Buoy: comparison between observations and integrated model (with
sedimentation) output 188
Figure 7.26 Seasonal variation of a) surface and b) bottom phosphate concentration (|J.mol I"
1)
from integrated model (with sedimentation) in the Itchen Estuary and Southampton
Water 189
Figure 7.27 Nutrients (daily averaged output (integrated model with sedimentation),
observation) plotted against salinity in the Itchen Estuary and Southampton Water,
05/06/98 190
Figure 7.28 Nutrients (daily averaged output (integrated model with sedimentation),
observation) plotted against salinity in the Itchen Estuary and Southampton Water,
12/08/98 191
Figure 7.29 Seasonal variation of a) surface and b) bottom DO saturation (%) from integrated
model (without sedimentation) in the Itchen Estuary and Southampton Water 193
Figure 7.30a-j Seasonal variation of DO saturation (%) from integrated model (without
sedimentation), comparison between external model results and observation at 10
survey stations 194
Figure 7.31a-j Longitudinal distribution of DO saturation from integrated model (without
sedimentation), comparison between external model results and observations in 1998
195
Figure 7.32 Seasonal variation of a) surface and b) bottom detrital carbon (|0,mol C I"
1) from
integrated model (without sedimentation) in the Itchen Estuary and Southampton Water
196
xuFigure 7.33 Nutrients (daily averaged output (integrated model without sedimentation),
observations) plotted against salinity in the Itchen Estuary and Southampton Water,
05/06/98 197
Figure 7.34 Nutrients (daily averaged output (integrated model without sedimentation),
observations) plotted against salinity in the Itchen Estuary and Southampton Water,
12/08/98 198
Figure 7.35 Seasonal variation of a) surface and b) bottom ammonium concentration (|xmol I"
1)
from integrated model (without sedimentation) in the Itchen Estuary and Southampton
Water 199
Figure 7.36 Seasonal variation of a) surface and b) bottom nitrate concentration ((Xmol I"
1) from
integrated model (without sedimentation) in the Itchen Estuary and Southampton Water
200
Figure 7.37 Annual variation of the surface nitrate, phosphate concentration at NW Netley and
Calshot Buoy: comparison between observation and integrated model (without
sedimentation) output 201
Figure 7.38 Seasonal variation of a) surface and b) bottom phosphate concentration ((xmol I"
1)
from integrated model (without sedimentation) in the Itchen Estuary and Southampton
Water 202
Figure 7.39 Algal carbon ((imol C I"
1) plotted against chlorophyll a concentration (jig I"
1) 204
xiuChapter 1 Introduction
Coastal waters throughout the world are subjected to a whole series of human impacts
which can lead to their degradation and in extreme cases total ecosystem collapse. Semi-
enclosed water bodies such as estuaries are particularly vulnerable suffering from both acute
incidents such as oil spills and more chronic pollution from industries and dense populations.
Historically, estuaries have been used as a route for disposal of untreated domestic sewage and
industrial wastes. More recently these impacts have lessened as pollution controls have been put
in place in response to greater environmental awareness. In order to manage water quality of
estuaries and maintain ecosystem function, it is necessary to know both the underlying physical
processes affecting dispersion of material disposed and the chemical and biological processes
that reduce/breakdown non-conservative pollutants.
Estuaries have been prone to problems of low oxygen caused by oxygen demanding
human and industrial wastes and the accumulation of organic matter produced by the aquatic
plants stimulated by nutrient enrichment (eutrophication). The overall aim of this thesis is to
model the physical conditions of an estuary, Southampton Water, and to couple this with a
model of water quality.
Southampton Water is an ideal system for such studies because:
1) As a partially-mixed estuary with complex bathymetry it presents a significant challenge to
establish a new hydrodynamic model and validate it.
2) Southampton Water is a typical estuarine environment, combining a natural ecosystem with
considerable human impact. The system receives a significant nutrient input from riverine
discharge and sewage effluents within the catchment area. Regular occurrence of red-tide,
phytoplankton blooms have been reported in the estuary causing hypoxia in bottom water
during the summer.
3) There is reasonable amount of historical data from Southampton Water and the Solent
estuarine system.
4) The recent SOuthern NUtrient Study (SONUS) project provided a platform to carry out a
systematic survey of the estuary to collect water quality data, and it also provided access to
a shared data base.
1.1 Dissolved oxygen, as an indicator of water quality
Water has the capability to dissolve a certain amount of oxygen and oxygen solubility in
sea water is a function of temperature, salinity and pressure (Weiss, 1970; UNESCO, 1973;
Riley & Skirrow, 1975; HMSO, 1980). Dissolved oxygen (DO), as a main indictor of the water
quality, is very important to aquatic plants and animals. Oxygen deficiency (hypoxia) in sea
water may alter the aquatic ecosystem in an undesirable direction. Severe reduction in the DOreducing it through NO2~ to NH3 or N2. Finally oxygen is removed from SO4
2" reducing it to H2S
which combines with iron oxides to form FeS and when the available iron is exhausted, H2S is
liberated. When toxic H2S spreads through the water column all animals die.
It has been suggested (Head, 1976) that in practice the rate of DO consumption does not
proceed quickly enough to exceed the supply of oxygen from surrounding water masses and the
atmosphere. Under certain circumstances, hypoxia, anoxia and complete removal of DO can
occur. These conditions usually result from a contribution of poor water exchange and high
organic loading stimulated by nutrient discharge or direct input from riverine and sewage
effluents. A report by Malakoff (1998) has shown that oxygen-starved coastal 'dead zones'
spawned by human activity have tripled in number world-wide in the last 30 years (and the
report does not include the developing countries like China).
The extent of estuarine pollution (DO depletion) by organic matter from sewage
effluents and other sources is highly variable. There are several well documented examples: the
Thames (Barrett, 1972; Gameson et al., 1975; Head, 1976); the Mersey Estuary (National
Rivers Authority, 1995; Hawkins et al., 1999); Baltic Sea (Dybern, 1972; Rosenberg, 1990);
Chesapeake Bay (Taft et al., 1980; Officer et al., 1984; Kuo & Neilson, 1987; Kemp, et al.,
1992).
The Thames is a very important estuarine system in the UK, it flows through the city of
London, one of the most heavily populated areas in the world. Well constructed sewer system
discharged untreated sewage into the river from the early 19th century, and by the 1850s the
river had became foul smelling and devoid offish (Gameson, et al., 1973). Although sewage
treatment plants began to be operational from the late 19th century, the rapid population growth
overran the capacity of the sewage treatment system, and by the 1950's, 30 km of the Thames
through London was anoxic in the dry season, and no fish were present for a distance of 70 km
(Barrett, 1972).
The Mersey Estuary is probably the most polluted estuary in Europe (National Rivers
Authority, 1995). It drains a heavily populated and industrialised area of 13,000 km
2. Pollution
of the estuary is a long-standing problem with its roots going back to the days of the industrial
revolution in the 18th century. Pollution of the Mersey can be attributed to inadequate sewage
treatment facilities, intermittent discharges from combined sewer overflows, industrial
discharges, and runoff from agriculture and contaminated land. As long ago as 1865, the
government of the day recognised that the problems of pollution created by new industries and
their supporting population were severe. In more recent times, the extent of pollution from
discharges into the estuary has been reduced as a result of de-industrialisation of the whole
catchment and multi-million pound investment in sewage treatment and the sewerage
infrastructure. The quality status of the Mersey Estuary is still classified as poor, with a1.2 DO, an integration of different factors and processes
The level of DO in water is influenced by a combination of different processes, such as
re-aeration from the atmosphere, the physical processes of advection and mixing, planktonic
community respiration and free oxygen release by algal photosynthesis. In all cases the DO
budget is affected by the combination of two or more physical and biological processes.
Atmospheric re-aeration is the main source of free DO, and when water is calm without
biological activity, the water will reach its full saturation condition through re-aeration. DO
saturation varies with the temperature, salinity and pressure, and empirical equations can be
used to predict DO saturation partial pressure (Weiss, 1970; UNESCO, 1973; Riley & Skirrow,
1975; HMSO, 1980) and re-aeration rate (Liss, 1973; Hartman & Hammond, 1985;
Wanninkhof, 1992; D'Avanzo & Kremer 1994) which is related to vertical turbulence, mixing
coefficient, advection exchange and surface roughness. With the presence of oxygen demanding
organic matter, when DO consumption exceeds the supply of free oxygen from the surrounding
water mass and the atmosphere, hypoxia or even anoxia may occur.
To define the balance of DO in estuarine, and coastal waters, the effects of physical
processes like advection and mixing must be considered. Stratification of the water column is a
factor preventing the DO rich surface water mixing with water below the pycnocline.
The Baltic Sea is a large fjord with a shallow narrow entrance. Inside the entrance there
are a series of basins, as in the Landsort Deep (459 m), of considerable depth. The shallow
entrance to the Baltic Sea restricts the refresh and exchange of bottom waters. There is much
fresh water entering the Baltic Sea, so the surface salinity is quite low and the surface water is
separated from deeper, more saline water by a halocline. The halocline is so sharp that the wind
mixing and winter cooling at the surface are unable to breakdown the halocline, and exchange
between surface and deep water is hampered. Since the halocline in the Baltic Sea is permanent,
the bottom water is low in DO concentration. The hydrographical conditions in the Baltic Sea
(Report of the ICES Working Group on Pollution of the Baltic Sea, 1970) make it extremely
vulnerable and sensitive to loading of organic oxygen demanding matter either form internal or
external input.
Vertical stratification is mainly caused by either fresh water runoff or surface solar
heating, and sometimes both. Vertical stratification intensified by surface solar heating can
influence seasonal changes of DO. Research conducted by Kemp et al. (1992) found that
seasonal oxygen depletion in Chesapeake Bay was driven by summer stratification when bottom
oxygen depleted (due to plankton respiration) water was prevented from mixing with the upper
water layers.
Uranouchi Bay, Japan, is a semi-enclosed silled inlet, with summer stratification and
weak tidal water exchange. Munekage and Kimura (1990, 1992, 1995) reported that the anoxicwater mass in the lower layer forms with the cessation of DO transport from the upper layer due
to a reduction in vertical mixing from June to July, combined with an increase in DO
consumption rate and a decrease in DO production by phytoplankton. In the lower layer, most
of the DO produced by phytoplankton and transported by tidal exchange is consumed in
midsummer, owing to the high respiration activity.
Periodic reoxygenation is closely related to estuarine circulation and spring-neap tidal
mixing. Hypoxia and anoxia in bottom waters of the Rappahannock, a tributary estuary of
Chesapeake Bay, was observed to persist throughout the summer in the deep basin near the river
mouth. The DO in surface waters was always near or at saturation level, while bottom waters
exhibited a characteristic spatial pattern. A study conducted by Kuo (1991) revealed that both
oxygen demand, either benthic or water column demand, and vertical mixing controlled the
longitudinal location of the DO minimum. The strength of gravitational circulation is also
shown to affect the occurrence of hypoxia. The initial DO deficiency of bottom water entering
an estuary has a strong effect on DO concentration near the mouth of Rappahannock River but
the effect diminishes towards the fresher water.
For most estuaries receiving high loading of organic waste, the water mass exchange is
crucial to maintain estuarine water quality. An estuary with stronger circulation tends to have
less chance for hypoxia to occur. Estuarine circulation normally occurs with fresher water
flowing out of the estuary and oxygen saturated saltier water entering the estuary to replace the
oxygen depleted bottom water. An estuary with substantial fresh water discharge is unlikely to
be subject to serious DO depletion unless there are physical obstacles blocking the development
of estuarine circulation or the saltier water entering the estuary is already DO depleted.
Water mass transportation and water mass exchange can be increased radically by tidal
currents. Water mass transportation can be estimated by tidally induced Lagrangian residual
currents (Longuet-Higgins, 1969; Cheng, et al., 1986), rather than the conventional Eulerian
residual. The quantification of the water exchange ratio has been achieved by using the particle
tracking method in numerical models (Awaji, 1980).
The hydrographical conditions of estuarine and coastal waters determine if the waters
are vulnerable to the loading of oxygen demanding organic matter either directly from external
sources or from accumulated organic matter produced by the local aquatic plant communities.
Sometimes aerobic bacterial decomposition of large amounts of oxygen-demanding material,
directly from sewage effluents or riverine discharge, can cause oxygen depletion in the water
column especially near the bottom. This kind of situation is much more frequently seen now in
developing countries like China but was historically very common in western countries. Since
the huge investment in first construction and high cost of operation, there are few sewage
treatment plants in developing countries and most urban sewage waste is discharged untreated
directly into receiving waters (e.g. river, estuary, coastal sea).Due to public awareness of environmental protection, the situation in more developed
countries is quite different. Although some sewage is discharged into the environment without
secondary treatment (especially in UK), the water exchange in coastal waters is assumed
efficient enough to dilute the concentration of sewage down to a certain level by using long
outfalls after primary treatment. Most discharged sewage to semi-enclosed waters such as
estuaries receives secondary treatment which removes most of the oxygen-demanding material.
The continuous improvement of water quality of the River Thames (UK), has been
extensively reported for decades (Barrett, 1972; Gameson et al., 1975; Head, 1976). However
more recently the Salmon, a fish very sensitive to the DO concentration, has begun to come
back in to the Thames Estuary (Clark et al., 1997).
A long term improvement in water quality due to sewage abatement in the lower
Hudson River, New York has been reviewed by Brosnan (1996). Although some water pollution
control plants have been in operation in the region since the 1930s the river and estuary have
been subject to an enormous loading of oxygen-demanding material, from at least 1922. During
the early 1960s, average summer DO percent saturation varied between 35% and 50% in surface
waters, and 25% and 49% in bottom waters. Beginning in the late 1970's, most of the existing
sewage treatment plants were upgraded to secondary treatment, and additional plants were
constructed. Since then, DO concentration in the waters has generally increased through the
1980s and especially in the 1990s, coinciding with the upgrading of a 7.4 m
3 s"
1 sewage
treatment plant to secondary treatment in 1991.
Apart from the direct anthropogenic discharge of oxygen-demanding material, organic
oxygen-demanding matter produced locally by photosynthetic aquatic plants (e.g.
phytoplankton, phytobenthos) can cause severe DO depletion in estuarine waters. Aquatic plant
growth is a natural phenomenon with a regular seasonal pattern. In late winter and early spring
nutrient levels, derived from riverine discharge and sewage plant discharge, are high in coastal
waters. When light and temperature conditions are optimal for phytoplankton growth, an algal
bloom may occur. The phytoplankton take up nutrients, synthesise organic matter by
photosynthesis and release free oxygen. An algal bloom will not only release a great amount of
oxygen, causing DO super-saturation in surface waters (which may have some adverse effects
on marine organisms), but also subsequent degradation of the organic material will deplete the
oxygen and sometimes will cause hypoxic conditions in bottom waters and even over the whole
water column following decay of the bloom.
Surface primary production in all but the most turbid or nutrient-rich areas is ultimately
controlled, or, limited by the availability of one or more nutrients. Primary production in coastal
and offshore marine environments is generally assumed to be nitrogen-limited. There is little
doubt that anthropogenic nutrient inputs now contribute substantially to the marine nutrient
budget. GESAMP (1990) concluded that 'globally, present inputs of nutrients from rivers due to
7man's activities are at least as great as those from natural processes' and have led to 'clearly
detectable and sustained increases in nutrient concentrations in the receiving water'. The
enrichment of the plant nutrients to the marine environment from anthropogenic sources
frequently has the effect of increasing primary production (e.g. increased algal growth, algal
bloom), a process commonly termed 'cultural eutrophication'. One of the undesirable
consequences of eutrophication is the decline of DO saturation of the water column particularly
near the sediment-water interface, following the accumulation of oxygen demanding material
and elevation of hetrotrophic activity. Numerous studies and reviews have noted an increase in
both the frequency and persistence of algal blooms in coastal waters and enclosed sea areas over
the past 20-30 years, including the Baltic, Southern North Sea, Black Sea, Adriatic,
Mediterranean and the coastal waters of North and South America and Japan (Kerr and Ryder,
1993; Sarokin and Schulkin, 1992; Vollenweider, 1993; McClelland et al., 1997).
The photosynthetic production of organic matter is not only limited by the availability
of plant nutrients, but is also forced by solar radiation. Therefore DO variation has a strong
seasonal and diel pattern of oscillation which is driven by the seasonal and diel change of solar
radiation. Diel oxygen dynamics had been examined by D'Avanzo & Kremer (1994) in an
eutrophic estuary of Waquoit Bay, Massachusetts. Waquoit Bay is a shallow (2 m deep) semi-
enclosed coastal water body, which is enriched by nutrient loading from septic tank systems. A
thick canopy of macroalgae covers the bottom of Waquoit Bay. It was observed that the bottom
water was super saturated in the late afternoon, and bottom DO was higher than the surface DO.
At dawn, bottom DO, being depleted by respiration of benthic macroalgae at night, was low and
also was much less than surface DO. The diel DO variation in bottom waters was larger than
that of surface water. Analysis of meteorological records during two anoxic events showed that
anoxia developed overnight in midsummer during periods of peak summertime temperatures
after several days of cloudy, moderately calm weather. D'Avanzo & Kremer (1994) suggested
anoxic events may indicate a chronic increasing problem in these important ecosystems. The
diel variation of DO can be used to estimate the community oxygen metabolism (Kemp &
Boynton, 1980; Kenney et al., 1988) in coastal waters.
1.3 Modelling DO
As mentioned in section 1.2, the DO balance in coastal waters is influenced by a
combination of physical and biological processes. Modelling therefore requires an
interdisciplinary approach and modelling DO in an estuarine system requires the modeller to
interact with physicists, marine chemists and biologists.
The pioneer DO modelling work on water quality was carried out in streams and rivers
where sewage effluent discharge contains oxygen demanding organic matter (e.g. Streeter &
Phelps, 1925; O'Connor, 1960; Dobbins, 1964; Koivo & Phillips, 1971; Koivo & Phillips,1972; Barrett, 1978). This type of model only considered two factors: bacterial decomposition
of oxygen-demanding organic matter and re-aeration from the atmosphere.
The more complex DO model is a water quality model (e.g. O'Connor, 1967; DiToro et
al., 1971; Chen & Orlob, 1972; Prober et al., 1972; Grenney et al., 1973; O'Connor et al., 1973;
Soulsby et al., 1984; Chaudhury et al., 1998) which considers the aquatic plant growth and its
consequence to DO balance in stream and river waters. This type of model when used in the
context of anthropogenic nutrient enrichment is probably better called a eutrophication model,
consistent with the concept of eutrophication (Commission of European Communities, 1991;
Justic, 1995; Nixon, 1995). Since they offer easy access and simple physical and biological
characteristics, modelling work was first carried out in streams and rivers. To some extent, the
water quality modelling approaches used in estuarine and coastal waters are inherited from
pervious work in freshwater environments.
The simple DO model is very useful in rivers, or estuaries where heavy loading of
oxygen-demanding material discharges into the waters from riverine sources and sewage
outfalls. For waters, where a substantial proportion of the oxygen demanding material is derived
from the aquatic plant growth, a eutrophication type model should be used.
Since an ecosystem is very complex and processes involved in DO dynamics are poorly
understood, it is not surprising that eutrophication type water quality (DO) models have taken
many different approaches (e.g. Soulsby et al., 1984; Stigebrandt, et al., 1987; Billen et al.,
1988; Bach & Jensen, 1994; Bierman et al., 1994; HR Wallingford, 1995; Chaudhury et al.,
1998). Stigebrandt et al. (1988) have modelled the DO and nutrients in the Baltic proper, a
highly stratified semi-enclosed sea. Billen et al. (1988) have modelled the DO and microbial
processes (phytoplankton and bacterioplankton) in the Schelde Estuary. Huthnance et al. (1993)
reviewed the current status of water quality modelling in Europe and summarised processes
involved in water quality modelling. Modelling of nutrients, DO and microbiology (plankton,
detritus) are considered (Huthnance et al., 1993), and the scope is restricted to the lowest level
of food chain and quasi-continuum variable.
One water quality modelling approach should be mentioned that is now fairly widely
used that is Tett's L3VMP model (Tett, 1990; Tett & Walne, 1995). The physical structure of
the original model is a simple 3-layer vertical structure: surface mixed layer, bottom mixed
layer and oxic sediment layer. The distinctiveness of the model is the modelling of the
planktonic compartment. Phytoplankton and planktonic microheterotrophs (bacterioplankton
and microzooplankton) are combined in a microplankton compartment, described by a cell-
quota, threshold-limitation model (Tett & Droop, 1988) in terms of alternative light or nutrient
limited growth.
From an environmental management point of view, water quality should be a useful tool
for decision making, such as choosing a long sewage outfall, planing of functional zone fordifferent users, reducing BOD and nutrient loading, improving the water quality etc. A few
water quality (DO) models have been integrated in to large scale, multi-disciplinary programs
(e.g. North Sea Project; The Chesapeake Bay Program) with the aim of using them for
environment management and decision making.
A systemic eutrophication modelling study has been undertaken in Chesapeake Bay
(Linker, 1996) as part of Chesapeake Bay Program. By the 1970s, many of Chesapeake Bay's
resources were in clear decline. Excess amounts of nutrients overfertilized the bay, feeding the
growth of algal blooms which sink to the bottom of the bay and decompose in a process that
depletes the water of oxygen. These areas of 'dead water' no longer have oxygen levels
sufficient to support fish and other aquatic life.
The Chesapeake Bay Program, a voluntary partnership that includes US Environment
Protection Agency and all states within the Chesapeake Bay watershed (64,000 square miles)
was created in 1983 to restore the water quality of the bay. An integrated set of models
(watershed model, estuary model, airshed model) have been developed. The estuary model
examines the effects of loads generated by the watershed model on bay-water quality. The
hydrodynamic submodel simulates the flow rates into the bay, the mixing of Chesapeake waters
with coastal ocean waters, and the mixing of water within the Chesapeake estuarine system. The
water quality submodel calculates the chemical and ecological dynamics of Chesapeake Bay.
The goal of the Chesapeake Bay Program is to reduce the nutrient load entering the bay
by 40% by the year 2000. The models have demonstrated that this goal will significantly
decrease the 'dead waters' of Chesapeake, and provide guidance to environmental managers and
citizens on where the most cost-effective nutrient reduction can be made. Achievement of the
goal will enable the water quality in the bay to improve by reducing anoxic water of the bay by
20% by the year 2000. The development of a water quality Chesapeake Bay model has
continued for the last 16 years, and four major upgrades have been made (Linker, 1996).
In China, a cross-province Green Bohai Sea Program was launched in early 1999 with
the aim of addressing the marine pollution issue in the Bohai Sea. The committee consists of
governmental and non-governmental organisations from all 5 provinces of the catchment area of
Bohai Sea. Now for the first time in China a large scale multi-disciplinary approach to control
the water quality modelling is under way.
1.4 Review of previous research in Southampton Water
Due to the proximity of Southampton Water, scientists from the University of
Southampton have conducted regular surveys of this adjacent water body (Dyer, 1973; de Souza
Lima & Williams, 1978; Collins, 1978; Bryan, 1979; Rees and Williams, 1982; Crawford &
Purdie, 1992; Sylaios, 1994; Kifle & Purdie, 1993; Crawford et al., 1997; Sylaios & Boxall,
1998). Dyer (1973) defined Southampton Water as a partially-mixed estuary following an
101.5 Research objectives
As part of the Qingdao University Institutional Development Project, supported by
Department for International Development, the main task of this research was to develop a
water quality model for estuarine and coastal waters. Southampton Water is an ideal location to
develop a water quality model, since large observational data set is available, although the data
has not been well organised. Monthly surveys of Southampton Water were carried out from
January 1998 to April 1999, with the measurement of water temperature, salinity, DO and
community respiration rate made at number of positions in the Itchen Estuary and Southampton
Water. SONUS core measurements included nutrients, chlorophyll, and suspended particulate
matter (SPM) during these surveys.
This research had the following objectives:
1. To develop a 3-D hydrodynamic numerical model of the Southampton Water and Solent
estuarine system and validate output against available physical data.
2. To develop a water quality (DO) model for Southampton Water coupled to the 3-D
hydrodynamic model.
3. To obtain a data set of water quality parameters from the estuary for comparison to the
output of the water quality model.
4. To achieve a better understanding of the mechanism of physical and biological controls on
the water quality, particularly the DO, in estuaries and coastal waters.
The thesis is structured as follows. Following the general introduction (Chapter 1),
Chapter 2 gives a general account of the Southampton Water estuarine system including the
hydrography and tidal environment. Data collected from monthly surveys are presented in
Chapter 3, with conclusions drawn from the survey data. In Chapter 4, a brief description of the
hydrodynamic model is presented and in Chapter 5 results from the hydrodynamic model are
presented and discussed. Chapter 6 gives the structure of the water quality (DO) model, and its
application is given in Chapter 7. A final discussion and conclusion are presents in Chapter 8
including a discussion of the limitations of the model and possible further work.
12Chapter 2 Southampton Water
2.1 General description
Southampton Water, as an inlet in the southern coast of England on the English Channel
(Figure 2.1), forms a northern extension of the Solent estuarine system.
It is widely believed (Geodigest, 1999) that the Solent estuarine system evolved from an
ancient river system 'Solent River', which drained much of central south England, although the
detail of the evolution may be arguable (Velegrakis et al, 1999). About 17,000 years ago, the
sea level was about 100 meters lower than it is today. The coastline was many miles to the south
of the Isle Wight and the 'Solent River' ran parallel to the coastline and discharged to the sea,
somewhere south of the present position of Littlehampton. Its upper reaches flowed from west
to east along a valley, bounded in the south by a chalk ridge, the Purbeck - Isle of Wight Ridge
(Figure 2.2). When the ice receded, and sea level rose, gradually the 'Solent River' valley, now
the West Solent and East Solent, became submerged beneath the sea surface. The soft chalk
ridge on a line between the Needles and Dorset was eroded, and no more than 4000 years ago,
the Isle of Wight was isolated and became an Island in the English Channel. With the intrusion
of sea water, Southampton Water as a tributary of the old 'Solent River' system then became an
estuary. The Solent estuarine system is now highly industrialised and urbanised.
2.2 Bathymetry
Broadly the Southampton Water estuarine system consist of four parts: Southampton
Water, the Itchen Estuary, the Test Estuary and the Hamble Estuary. Southampton Water
(Figure 2.3a) is about 2.0 km wide and 10.3 km long from Calshot Castle, at the entrance to
Southampton Water, to Dockhead, where the Test Estuary and Itchen Estuary meet. The main
channel of Southampton Water is maintained to 10-15 m below the local chart datum by regular
dredging, and the dredged channel is about 300 meters wide.
Beyond Dockhead the dredging channel extends to the lower part of the Test Estuary
for a further 6 km. Above this point, the bed of the Test Estuary rises quickly to the local chart
datum level. The tidal limit of the Test Estuary is at Redbridge, about 7.6 km from Dockhead.
The Itchen Estuary is about 2-4 hundred meters wide and 7.8 km long; the tidal limit is
at Woodmill. Water depth in the Itchen Estuary rises gradually from 9 m at Dockhead to about 0
m (local Chart Datum) in about 6.2 km. Figure 2.3b shows the water depth of the main channel
of Southampton Water, from Woodmill to Calshot Castle.
The Hamble Estuary is much smaller and joins Southampton Water on its eastern side
about 2 km north of Calshot Castle.
13Table 3.2 Sampling stations of monthly SONUS transect surveys (see Figure 3.1).
Station No
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Station
Woodmill
Rowing H
Portswood WTW
Cobden Bridge
lail Bridge
St Denys
<Tortham Bridge
Oil Spill Centre
S Quay
'tchen Bridge
SGNol
Weston Shelf
NW Netley
Hound Buoy
Greenland
BPJet
Hamble Point
Fawley Power Plant
Calshot
Calshot Buoy
Distance (m)
rom Woodmill
0
330
687
1,128
1,822
2,393
2,854
3,522
4,575
5,738
7,352
8,596
9,588
11,302
13,029
14,224
15,502
16,428
18,248
21,705
Distance (m)
o next station
330
357
441
694
571
461
668
1,053
1,163
1,614
1,244
992
1,714
1,727
1,195
1,278
926
1,820
3,457
X), respiration rate,
S, T profile
-
¥
+
¥
+
¥
¥
Nutrient, SPM,
Chlorophyll
-
+
+
+
+
+
¥
¥
¥
¥
¥
¥
¥
¥
¥
¥
¥
Ideally the survey would have covered the whole of the Southampton Water estuarine
system including the Test Estuary, Itchen Estuary and Southampton Water. Practically,
however, this was not possible and the Test Estuary was not surveyed above Dockhead. The
transect survey was limited to the Itchen Estuary and Southampton Water. Since access to the
upper parts of the Itchen Estuary are restricted by water depth, surveys were mainly carried out
at high water on spring tides, and the order in which stations were sampled during the survey
depended on the time of high water. Occasionally sampling was conducted during neap tides
with the aim of comparing the difference between neap and springs. The total time for each
survey was about 4-5 hours.
At each DO sample station a surface DO sample and a water sample for surface
community respiration measurement were taken, and a vertical profile of salinity and
temperature measured. At some stations near bottom DO measurements and samples for bottom
community respiration measurements were also taken. Surface nutrients (nitrate, phosphate,
silicate), SPM and chlorophyll samples were taken at all 20 stations (Table 3.1, Table 3.2).
Water samples for DO measurement were collected using a 10L Niskin sampler. Once
the Niskin sampler was brought on deck, three 50ml DO bottles were filled, and 0.5ml of
manganese chloride and 0.5ml alkaline iodine solution added according to Parsons et al. (1984).
During the initial surveys (16/01/98, 26/02/98, 12/05/98, 19/05/98), a two litre bottle of surface
water sample was collected at each station, and brought back to the laboratory for community
respiration measurement. The water sample was redistributed in the laboratory into six 50 ml
bottles, of which 3 DO bottle samples were fixed immediately with Winkler reagents, and the
30cooled holders. The supernatant was carefully decanted and placed in a similar tube. An
AMINCO fluorometer was used for the fluorometric analysis. A subsample was placed in a
cuvette and a reading taken, then 2 drops of 10% HC1 were added, the cuvette inverted and
another reading immediately taken. Periodic blanking, with 90% acetone was carried out
during each analysis and the standard remeasured at the end of the analysis.
2. Calibration of fluorometer. Fluorometer readings were calibrated with a pure chlorophyll a
solution (Sigma) of known concentration. This was quantified using a spectrophotometer
(UNICAM SP500 Series 2), measuring the absorption at different wavelengths (750, 665
nra) before and after acidification. The standard solution was diluted with 90% acetone and
the relative intensity was measured in the fluorometer. The concentration of the standard
and the subsequent fluorometer reading was used to calculate the chlorophyll a and phaeo-
pigment concentration of the natural samples (Parson, et al., 1984), The fluorometer was
standardised on the day that samples were analysed.
3. Calculation of chlorophyll a concentration. The readings obtained correspond to relative
fluorescence intensity values, and these were converted to chlorophyll a concentration in
units of |xg I'
1 using the Turbo Basic programmes SPCCHL.BAS and CHLLA.BAS.
Chlorophyll a, phaeo-pigment concentration and percentage CHLa were determined
according to equations given in Parsons et al. (1984) for fluorometric analysis of
chlorophyll a.
3.2.3 Suspended paniculate matter measurement
Total SPM concentrations were measured from the difference of the dry weight of a
GF/F filter before and after filtration of a known volume of sea water sample.
Prior to each survey, the GF/F 47mm diameter filters were soaked in distilled water for
approximately 10 minutes. 150 ml of distilled water was then filtered through each filter to
remove any loose fibres. The filters were then placed onto pre-combusted foil and dried in an
oven at 80 °C for at least 10 hours. All filters were then taken from the oven immediately to the
balance and weighted (Wl) to an accuracy of 0.1 mg. The weighed filters were then put into
numbered Petri Slides and corresponding filter weight noted.
After each survey, the filters were placed into a freezer until further analysis. The filters
were dried in an oven at 80 °C for at least 10 hours, then weighed (W2) using the same balance.
The SPM concentration was then calculated as the difference between weight after and before
filtration, and divided by the sea water volume filtered (in litres).
3.2.4 Dissolved inorganic nutrients measurement
All sea water samples were filtered through a GF/F filter into plastic diluvials during the
survey. All samples were kept cool in a refrigerator prior to analysis.
33earlier than the real time. This suggests the water temperature lags behind the solar elevation by
about a lunar month.
During each survey the spatial variation in water temperature was generally less than 5
°C throughout the estuary. A thermocline may occur in the summer during day time, but is
known to disappear during night due to the strong tidal induced vertical mixing. During the
surveys the Itchen Estuary was general warmer than the sea water in winter and cooler in
summer (Figure 3.3c), but the difference was seldom greater than 2 °C.
3.3.2 Suspended particulate matter (SPM)
All measured SPM concentration in the Itchen Estuary and Southampton Water are
shown in Figure 3.4a. SPM concentrations were in wide range from 2.6 mg I"
1 to 83.4 mg I'
1,
with an average value of 26.8 mg I"
1. The SPM concentration in May, June and August 1998
during the phytoplankton growth season was relatively low, about half of the average SPM
concentration. The 05/06/98 survey had the lowest spatial averaged SPM concentration (11.5
mg I"
1) of all surveys, and the lowest SPM coincided with the observed chlorophyll a peak (50
Hg I"
1) of all surveys. The bottom SPM concentration was almost always higher than the surface
during the few surveys when the bottom sample were also collected. The longitudinal
distribution (Figure 3.4b) has shown that in the upper parts of the Itchen Estuary, from
Woodmill to Northam Bridge, the SPM concentration (15.2 mg I"
1 in average) is low. From
Northam Bridge downstream, the SPM concentration gradually increased to more than 30.0 mg
I"
1 at Itchen Bridge. The average SPM from Itchen Bridge downstream to Calshot Castle was
33.2 mg I"
1. At Calshot Buoy, a shallow bank exists just outside the entrance of Southampton
Water, the average SPM concentration was 46.5 mg I"
1, which is higher than most other stations.
The SPM results suggest that the River Itchen is not a major source of SPM in the
estuary. From the limited data obtained, the spring and neap tidal cycle does not appear to show
a strong correlation with the magnitude of the SPM concentration.
3.3.3 Nutrients
Nutrients in Southampton Water were surveyed over a period of about one year. The
nutrient survey strategy was to evenly cover the whole salinity range from fresh water to sea
water (salinity range from 0 to 34). On most dates when nutrient concentration (NO3, SiO4 and
PO4) is plotted (Figure 3.5a-c, Figure 3.6a-c, Figure 3.7a-c) against salinity, a dilution line is
seen indicating little removal of nutrients within the low salinity region of the estuary. The
linear regression (Table 3.4) of nitrate and silicate against salinity have a high r
2 with the
salinity suggesting that there are no significant biological and chemical processes occurring in
the low salinity region, i.e. less than 30.
39Table 3.4a Linear regression coefficients of nitrate against salinity and concentrations at Calshot
Buoy and NW Netley (surface).
Date
16/01/98
26/02/98
30/03/98
27/04/98
28/04/98
12/05/98
23/05/98
05/06/98
12/06/98
17/06/98
23/07/98
12/08/98
24/09/98
20/10/98
02/12/98
19/01/99
16/02/99
19/03/99
Linear regression of nitrate
concentration against
salinity (umol I"
1)
Concentration at
zero salinity
umol I"
1)
384.73
417.35
396.25
375.63
379.69
363.80
395.84
384.96
366.84
348.57
377.59
451.84
424.17
313.14
461.22
446.63
Slope
10.78
-11.40
-11.02
-10.60
-10.70
-10.10
-12.00
-11.35
-10.74
-10.20
-10.73
-12.94
-11.85
-8.85
-13.02
-12.39
2
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.97
0.99
0.98
0.99
0.99
Salinity
Calshot Buoy
34.5
33.9
32.0*
32.8
33.3
33.7
32.3
33.4
33.8
31.73
+
34.5
34.6
34.3
34.0
33.9
32.0
33.2
33.2
NW Netley
29.2
30.2
31.0
30.2
30.8
31.7
30.3
31.3
32.4
31.58
31.2
33.4
32.8
33.1
32.0
29.5
31.5
31.6
titrate concentration
umol I'
1)
Calshot
3uoy
27.96
29.84
50.78
33.36
26.25
22.84
4.83
6.22
11.30
2.46
2.50
8.53
5.68
23.43
26.31
29.50
33.73
NW Netley
70.20
83.60
52.48
54.46
49.82
44.84
19.30
24.42
15.87
25.82
5.04
25.40
23.16
44.23
45.01
51.90
52.91
Hound
+ Hamble Point
Table 3.4b Linear regression coefficients of silicate and phosphate against salinity and concentrations at
Calshot Buoy and NW Netley (surface).
Date
16/01/98
26/02/98
30/03/98
27/04/98
28/04/98
12/05/98
23/05/98
05/06/98
12/06/98
17/06/98
23/07/98
12/08/98
24/09/98
20/10/98
02/12/98
19/01/99
16/02/99
19/03/99
Linear regression of
ilicate concentration
against salinity (umol I"
1)
Concentration
at zero salinity
umol I"
1)
192.99
191.66
180.28
167.31
147.66
186.24
203.37
204.34
169.95
171.46
157.34
219.20
175.90
195.91
175.26
Slope
5.20
5.18
4.48
4.63
-4.12
-5.59
•5.91
•5.80
-4.71
-4.60
-4.34
-5.98
-4.82
-5.36
-4.87
0.98
0.98
0.97
0.99
0.98
0.98
0.99
0.99
0.97
0.92
0.96
0.99
0.99
0.99
0.99
Silicate
oncentration
umol I"
1)
Calshot
Juoy
26.50
15.86
43.65
14.94
8.21
5.83
12.98
17.88
7.79
8.84
11.60
13.73
16.24
18.96
17.23
13.50
NW
^etley
52.93
45.74
33.56
22.92
14.01
8.52
11.16
26.54
21.03
8.80
18.45
11.37
27.43
29.77
25.58
20.05
Linear regression of
)hosphate concentration
against salinity (umol I"
1)
oncentration
at zero salinity
umol I"
1)
9.89
12.23
13.37
11.03
15.85
17.15
15.83
18.50
21.86
23.45
15.48
11.50
6.90
8.62
11.48
lop
0.28
0.35
0.36
0.30
•0.46
-5.53
-0.47
-0.51
-0.63
-0.64
-0.43
-0.30
0.19
-0.24
-0.32
i
0.85
0.81
0.87
0.85
0.68
0.98
0.91
0.61
0.86
0.87
0.92
0.89
0.84
0.99
0.69
Phosphate
oncentration
umol I"
1)
Calshot
Juoy
0.32
0.49
0.45
0.72
0.30
0.00
0.00
0.35
0.12
0.15
0.50
0.495
0.98
0.47
0.55
0.92
NW
^etley
1.06
0.73
0.77
1.43
0.94
0.14
0.26
0.34
1.03
0.14
1.79
0.93
1.84
0.90
0.86
1.28
44The linear regression of phosphate against salinity (Figure 3.5c, Figure 3.6c, Figure
3.7c) indicates more scatter due to point inputs of phosphate associated with sewage effluents
into the Itchen Estuary mainly from Ports wood Sewage Works.
Nutrient concentrations in bottom waters were shown to fit the linear regression line
quite well. Where vertical salinity stratification is detected, the fresher surface waters have
higher nutrient concentrations than saltier bottom water.
The nutrient concentration of fresh water from Itchen River has been extrapolated from
the linear regression equation. Environmental Agency data (Year 1996/7) shows that the
riverine sources from River Test, River Itchen and River Hamble do not show significant
differences in nutrient concentrations.
3.3.4 Chlorophyll
The spatial and temporal distribution of chlorophyll a concentration in Southampton
Water during the surveys is shown in Figure 3.8. On two dates high chlorophyll concentrations
were detected indicating significant algal blooms (Figure 3.8a), one detected on 05/06/98 and
the another on 12/08/98.
During the winter and early spring (from January to March 1998) chlorophyll a
concentration was below 2 fig I"
1 at all stations. An increase in chlorophyll a concentration
occurred from April when solar radiation increased (Figure 3.8a). Prior to the first diatom
bloom on 05/06/98, an increase in chlorophyll concentration on 12/05/98 at Woodmill (Station
1) suggests the presence of fresh water phytoplankton or macrophyte debris. On 19/05/98,
chlorophyll concentration reached a relatively high level of between 5-10|ig I"
1 for the whole
estuary.
On 05/06/98 a maximum chlorophyll concentration of 50.0 |Hg I"
1 was detected, and
dominant phytoplankton species were shown to be diatoms. The diatom bloom was observed in
the main channel of Southampton Water with a salinity of more than 30. Chlorophyll a
concentration (Figure 3.8a) reached a maximum of 50.0 (Xg I"
1 at NW Netley (Station 13), and
remained high at Hound Buoy (Station 14) and Greenland (Station 15), then decreased
gradually to 17.1 (xg I"
1 at Calshot Buoy (Station 16). Chlorophyll a concentration decreased
sharply in the upper part of the Itchen Estuary from Itchen Bridge (Station 10) with salinity less
than 25.
A maximum chlorophyll a concentration of 12.1 jig I"
1 was observed on 12/06/98 during
a neap tide survey shortly after the 05/06/98 spring diatom bloom. The relatively high
chlorophyll a concentration on 05/06/98 suggested that the diatom bloom had not completely
collapsed.
4560
50
,^40
^30
Q_
2
Figure 3.9a Chlorophyll a (ug I
 1) against salinity (non-phytoplankton growth season)
_g
20
10
10 15 20 25
Salinity
30 35 40
Figure 3.9b Chlorophyll a (ug I
 1) against salinity (phytoplankton growth season)
20
Salinity
47The upper part of the Itchen Estuary (Figure 3.10a-d, From Woodmill to Northam
Bridge) did not show a clear pattern of seasonal variation in DO saturation. The DO of the fresh
water discharged from the River Itchen was usually saturated except in the summer. DO
saturation shows a decrease at Portswood sewage outfall, where a heavy loading of oxygen
demanding organic matter from the sewage plant discharges into the estuary. A persistent DO
sag was observed throughout the year at this station and at station 4, Cobden Bridge. On most
dates the DO saturation was also undersaturated at Northam Bridge and on one occasion
(23/7/98) the bottom water DO saturation reached a minimum values of 64% (Figure 3.10d).
DO saturation shows an increase at Itchen Bridge (Figure 3.10e), and little evidence of
undersaturation of dissolved oxygen was detected at SG Nol near Dockhead, where the Itchen
Estuary meets Southampton Water.
Throughout the lower estuary (From Dockhead (SG Nol) to Calshot Buoy), DO
dynamics were dominated by the seasonally cycle of phytoplankton growth. During the non-
phytoplankton growth season, surface DO (Figure 3.1Of-j) was saturated or nearly saturated in
all seasons (DO saturation rarely below 95%). During the phytoplankton growth season surface
DO and even the bottom DO were over-saturated because of release of free oxygen by
phytoplankton photosynthesis. A maximum surface DO saturation of 156% (Figure 3.10g) was
observed (NW Netley), during the diatom bloom, on 05/06/98. This maximum DO saturation
coincided with the maximum chlorophyll a concentration of 50 jxg I"
1 at NW Netley. During the
bloom at all stations in Southampton Water, surface DO saturation was over 120%.
At all stations, bottom DO saturation was usually lower than the surface DO, because
the bottom waters are not in close contact with the atmosphere. During the non-phytoplankton
growth season the surface and bottom DO saturation is almost the same, whereas during the
phytoplankton growth season the difference between the surface and bottom DO saturation was
greater. In Southampton Water and lower part of the Itchen Estuary, bottom DO saturation
never decreased below 90%, while supersaturation was observed when significant algal growth
occurred. For all stations except on a few occasions, bottom DO saturation rarely dropped
below 80%.
3.3.6 Oxygen consumption rate (community respiration rate)
Figure 3.11 shows the seasonal variation of community respiration rate at all stations
sampled, as well as chlorophyll a concentration. The pattern of community respiration rate in
the estuary varies according to the position of the stations. The stations can be divided into,
stations in the upper part of the Itchen Estuary, and stations in the low part of the Itchen Estuary
and Southampton Water.
Community respiration rates at stations from the Itchen Bridge downstream to Calshot
Buoy show a clear pattern of seasonal variation. Typically, at NW Netley (Figure 3.11g), there
50Figure 3.12 Transect surveys results during phytoplankton growth season:
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62Table 3.7 Water column respiration rate (umol O21"
1
fromDortch, 1994)
Environment Location
Estuarine
Coastal
Chesapeake Bay-surface
Chesapeake Bay-
Chesapeake Bay-
Chesapeake Bay-
Core Sound, North Carolina,
USA
Doboy Sound, Georgia, USA
Huizache-Caimanero Lagoon,
Mexico
Loch Ewe, UK
Narragansett Bay, Rhode Island,
USA
Port Hacking Estuary, Australia
Roskilde Fjord, Denmark
Southampton Water, UK
Test Estuary
Southampton Water (non-
phytoplankton growth season)
Southampton Water
(phytoplankton growth season)
Itchen Estuary (non-
phytoplankton growth season)
Itchen Estuary (phytoplankton
growth season)
Wassau Sound, Georgia, USA
English Channel-stratified
English Channel-frontal
English Channel-mixed
Georgia Bight, USA
Georgia Bight, USA
Georgia Bight, USA
Long Island Sound, USA
Louisiana shelf, USA
1976 Nov. & July, bottom
LS, 1990 July & Aug., surface
LS, 1991 Feb., surface
LS, 1991 Feb., surface
LS, 1991 May-Cot, all depth
New York Bight, USA
Dabob Bay, Washington, USA
Peru upwelling (eutrophic), 1969
Peru upwelling (eutrophic), 1969
d"
1) in a variety of marine environments (adapted
Rate Reference
(mmol O2 m
3 d"
1)
0.00-45.31
1.56-31.25
6.56-65.63
25.00-53.13
11.50
19.38
232.50
3.13-7.81
14.28
2.50
16.88-44.66
4.44-11.16
0.60-177.00
0.00-7.21
5.53-43.31
0.09-11.8
2.69-62.35
13.75
0.31-4.69
1.34-53.69
1.91-4.53
1.19
22.28
6.53
7.56
0.08-6.00
1.44-19.69
2.41-13.44
1.47-19.69
0.01-9.94
2.81
0.66
4.41
1.06
Kemp et al., 1992
Kemp et al., 1992
Kemp & Boynton, 1980
Taft et al., 1980
Williams, 1966
Ragotzkie, 1959
Edwards, 1978
Williams, 1981
Smayda, 1957
Bulleid, 1983
Jensen et al., 1990; Sand-
Jensen et al., 1990
de Souza Lima & Williams,
1978
Rees & Williams, 1981
This study
This study
This study
This study
Turner, 1978
Holligan et al., 1994
Holligan et al., 1984
Holligan et al., 1984
Turner, 1978
Hopkinson, 1985
Westernhagen et al., 1986
Riley, 1941
Yurner and Allen, 1982
Benner et al., 1992
Benner et al., 1992
Chin-Leo and Benner, 1992
Dortchetal., 1994
Garside and Malone, 1978
Christensen and Packard,
1976
Packard, 1969
Sethell and Peckard, 1978,
1979
respiration was about 35% to 44% of total community respiration in the bay. The same size
filter was used by Pomeroy et al. (1995) in The Gulf of Mexico to investigate microbial
community respiration in the upper mixed layer of the with a respiration range of 0.13 |imol O2
I"
1 h'
1 in the January to 1.4 jxmol O21"
1 h*
! in June. Sampou and Kemp (1994) reported
respiration rates from Chesapeake Bay where the picoplankton (<3 (xm size fraction) accounted
64for about 23%-89% of total planktonic community respiration rate. The DO depletion in the
water column depends on the DO consumption in the water column by the planktonic
community, DO supply though the surface re-aeration, and physical processes in the water
column. Dortch et al. (1994) had conducted a monthly survey of water column respiration
(estimated from enzymatic respiratory electron-transport-system activity) in Louisiana shelf in
1991, aiming to determine the spatial and temporal variability of respiration rates and some of
the factors that influence them, to assess the role of water column respiration in the development
of bottom water hypoxia. The results suggested the possibility that the formation of the hypoxia
in bottom waters on the Louisiana shelf might be more dependent on the unique hydrography of
the region rather than the water column respiration rates.
The respiration rates measured in Southampton Water are high compared with other
estuarine and coastal waters. While many estuaries suffer from hypoxia and even anoxia,
Southampton Water is still a relatively healthy estuary in term of oxygen saturation, despite a
heavy load of oxygen demanding material from effluents and high autochthonous production of
organic matter (primary production) in the algal growth season. The flushing time of
Southampton Water is quite short in the order of days, and it is partially-mixed estuary with
surface waters flowing out of the estuary and the oxygenated bottom water moving upstream to
the head of the estuary. It is possible that the existence of strong estuary circulation and short
flushing times cause replacement of oxygen depleted bottom water keeping the estuary healthy.
In Southampton Water there is no physical obstacle preventing the full scale circulation such as
is found in a fjord or if a sill exists at the mouth of an estuary, the deep dredge channel also
possibly aids the development of the circulation.
3.5 Conclusion
The salinity distribution in Southampton Water suggests that the upper part of the
Itchen Estuary is highly stratified, while the rest of the estuary is partially-stratified. Flushing
times have been calculated using the salinity distribution, and the relative short flushing indicate
passive tracers may move out of estuary quickly. The rapid flushing in the upper Itchen Estuary
suggests high phytoplankton growth is prevented in this region. Water temperature had a clear
seasonal variation, with a 26 days lag phase behind the solar elevation. Spatial variations in
temperature are minor throughout the estuary.
The seasonal cycle of phytoplankton growth was dominated by two algal blooms in
1998: the first on 05/06/89 with maximum chlorophyll concentration of 50 (Xg I"
1, the second on
12/08/98 with maximum chlorophyll concentration of 20 |J.g I"
1. During the non algal growth
season, chlorophyll concentration is below 2.0 ^.g I"
1, with average of about 1.00 |^g I'
1.
Prior to the algal bloom, there were always a periods of good weather, rapid increase of
water temperature and low SPM concentration therefore a high penetration of light in the water
65column. This agreed with the findings of pervious research conducted in Southampton Water
(Rees and Williams, 1982; Kifle & Purdie, 1993; Crawford et al., 1997) suggesting a
combination of these factors trigger algal blooms. Rees & Williams (1982) emphasised the
importance of the flushing by suggesting that the bloom only occurs when phytoplankton
growth exceeds the loss of phytoplankton due to the flushing.
The reason for the collapse of the algal blooms is not very clear. Since there was
continuous nutrient supply from riverine discharge and sewage effluents, nutrients were
apparently not the limiting factor. Probably a combination of estuarine flushing, weakening of
vertical stratification, increase in SPM concentration stirred by strong tidal current, reduced
light or zooplankton grazing influence bloom collapse.
Community respiration rate had a clear longitudinal distribution in Southampton Water
during the non-phytoplankton growth season. It decreased gradually from the head of Itchen
Estuary, where the Itchen River discharges a large amount of oxygen demanding matter,
downstream to the Calshot Buoy, where Southampton Water joins the Solent. In the upper part
of Itchen Estuary, where bacterial oxidisation of organic matter dominated the DO
consumption, the substantial level of the community respiration was maintained all year round.
This kind of pattern of distribution was interrupted by the algal growth period. During
algal bloom events, community respiration increased with chlorophyll a with a maximum value
on 05/06/98 during the diatom bloom of 62.35 (xmol O21"
1 d"
1. There is a strong linear
relationship between chlorophyll concentration and community respiration, when the
chlorophyll is greater than 5 |Xg I"
1 with a specific respiration rate of 1.266 |lmol O2 d"
1 (ug chl)"
1.
A persistent DO sag is observed in the upper parts of Itchen Estuary throughout the
year, due to the high concentration of oxygen demanding matter from external inputs. In the
lower Itchen Estuary and Southampton Water, the impact of organic matter load from the
external sources is diluted, and the DO is usually saturated or near saturation during the non-
phytoplankton growth season. Occasionally the algal growth causes the surface and bottom DO
supersaturation during algal growth season. Extreme oxygen depletion after the collapse of the
algal bloom was not observed. The relatively high DO saturation suggest that the Southampton
Water is a relative healthy estuary. But in the upper part of Itchen Estuary, DO depletion may
worsen during the summer season and under condition of low river discharge.
66Figure 5.2 Proudman Oceanographic Laboratory Continental Shelf Model (CS3) grid (grid size,
10'00"x06'40") for mid-Channel region
83therefore very strong tidal currents. During the modelled period, the tidal range at neaps is about
250 cm, about half of the tidal range at spring tide, 430 cm. Presuming the hourly one decimal
ATT tide prediction is accurate without any meteorological factors acting on it, the standard
deviation of the errors between the 2-D model results and ATT predicted tide is 26.42 cm,
standard deviation of errors between the 3-D model results and ATT predicted tide is 28.66 cm.
The maximum tidal range during this period is 430 cm, so the ratio of standard deviation of
errors for 2-D and 3-D model to tidal range is 0.0614 and 0.0667 respectively.
The main differences between the model results and predicted tide are:
1) the model tidal range is smaller than the ATT predicted.
2) young flood stand in the model is over pronounced.
3) rising of the water level at first stage of the flood tide is quicker than the ATT predicted
(this means the rate of water level rising at the second stage of flood tide will be smaller
than the ATT predicted, therefore smaller magnitude of flood tidal currents at the second
flood stage).
4) the second high water is smaller than the first one, while the first high water is well
modelled.
It is not exactly known which factors cause the error between the modelled tidal
elevation and ATT predicted one, but it is believed that the open boundary condition is poor
with a coarse resolution of 12 km. There are two possible steps to improve the model results:
1. providing a finer tidal boundary condition from a higher resolution tidal hydrodynamic
model
2. having harmonic analysis of model results, compared with the tidal harmonic constant from
a tide gauge station within the model area, and tuning the main astronomical tidal
constituents individually.
Both steps should make it possible to look at the unique tidal features and non linear
interaction of tidal dynamics of the Southampton Water and the Solent area in future work
The difference between the 2-D model and 3-D model for tidal elevation is small, and
the standard deviation of the errors form the 2-D model (26.42 cm) is smaller that that of 3-D
model (28.66 cm). The duration of flood tide in the 2-D model result is slightly longer than that
in the 3-D model, which gives more time for the ebb tide in 3-D model than that in the 2-D
model. One apparent explanation is that the bottom friction is stronger in 2-D model than that in
3-D model. The stronger bottom friction results in a longer flood time and shorter ebb time
(therefore stronger ebb currents).
5.4 Tidal currents
Figure 5.4a-d shows the depth-averaged tidal currents from the 3-D model in the Solent
estuarine system at different phases of a tidal cycle with a medium tidal range. The tidalwhich has a complex bathymetry. To determine actual water mass transport it is necessary to
follow the water mass over a complete tidal cycle (Lagrangian residual). The relationship
between the Lagrangian residual and Eulerian residual (Figure 5.6) has been given by Longuet-
Higgins (1969) and Cheng et al. (1986):
Lagrangian residual = Eulerian residual + Stokes drift + Lagrangian drift (5.1)
Averaging equation (5.1) over different phase of the tidal cycle, then mass transport
velocity, or mean Lagrangian residual can be calculated using following equation,
mean Lagrangian residual = Eulerian residual + Stokes drift + Lagrangian drift (5.2)
There are different approaches, including Feng's weakly non-linear theory (Feng,
1989), to numerically quantify the mean Lagrangian residual or mass transport velocity. A
straightforward approach to estimating the mean Lagrangian residual is to use a particle tracking
method. Tracers are released at different phases of the tide, and their displacement averaged
over one tidal cycle gives the average displacement. From the average distance moved by a
particle in one tidal cycle, the mean Lagrangian residual current can be calculated.
Figure 5.7 shows the mean Lagrangian residual current for the M2 tide in the Solent
estuarine system. In Southampton Water there are three external forces which affect water mass
transport: tide, wind and river discharge. The tidal induced Lagrangian residual current in
Southampton Water, as expected, is very small. Thus mean water mass transport in
Southampton Water will mainly depend on 3-D currents, driven by river discharge and wind.
The residual current in the Solent is dominated by the westward flowing current, but in some
areas there are regional features; e.g. an eastward residual current along the north part of the
west Solent especially at Hurst Castle and in Stanswood Bay (from Stone Point to Calshot
Castle); a clockwise residual gyre near the shallow bank of Calshot Buoy. The existence of this
residual gyre means that across the section from Calshot Castle, residual current enters
Southampton Water from west and goes out of Southampton Water from the east.
Tidal flux averaged over some time period is very useful to reveal the net water
transport across a section where the oscillating tidal currents dominate. The mean flux (Figure
5.8) through sections across the west Solent at Hurst Castle and east Solent at Spithead, at
hourly intervals over a M2 tidal cycle, have been calculated. There is a strong westward tidal
induced water mass transport from the east Solent to west Solent, the net tidal water flux over
one tidal cycle is about 38 km
3 (about 851 m
3/sec). The tidal prism across Hurst Castle is about
600 km
3 (about 13,440 m
3/sec) and the tidal prism through Spithead is about 480 km
3 (about
10,750 m
3/sec).
Previous work conducted in Southampton Water has confirmed the tendency of net
water mass transport, although there are differences in magnitude. Flow conditions in the west
Solent have been investigated by Dyer and King (1975), and Blain (1980). Dyer and King
(1975) confirm that there is a tendency of east to west residual flow in the west Solent. Blain
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Figure 5.12 Depth-averaged residual flux velocity from 3-D model in Southampton Water, 18/06/98
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The salinity distribution in a tidal dominant estuary has a clear semi-diurnal cycle and
half-monthly spring-neap cycle, and it is also influenced by the seasonal variation of the riverine
fresh water discharge to the estuary (related to the seasonal variation of precipitation in the
catchment area of the estuary). There are six different time periods (Figure 5.19) when modelled
salinity distribution at four different phases in a tidal cycle will be presented: 1, wet season,
neap tide (Figure 5.23); 2, wet season, mean tide (Figure 5.20, Figure 5.21, Figure 5.22); 3, wet
season, spring tide (Figure 5.24); 4, dry season, neap tide (Figure 5.32); 5, dry season, mean tide
(Figure 5.29, Figure 5.30, Figure5.31); 6, dry season, spring tide (Figure 5.33). Comparison
between neap, mean and spring tide during the wet season (Figure 5.25, Figure 5.26, Figure
5.27, Figure 5.28) and dry season (Figure 5.34, Figure 5.35, Figure 5.36, Figure 5.37) are also
made.
Figure 5.20 is the vertical-longitudinal salinity distribution along the main channel of
the Itchen Estuary and Southampton Water from Woodmill to Calshot Buoy at four different
phases of a mean tidal cycle during wet season. The results show the isohaline being pushed
forward and backward by the tidal current. A strong vertical stratification near the head of
Itchen Estuary has been modelled. There is a slightly decrease of salinity when the Test Estuary
joins the Itchen Estuary at Dockhead (7.87 km). The vertical stratification is strong at ebb and
at low water, and stratification is weak at flood and at high water due to the vertical mixing and
advection. The down stream surface flow carrying the fresher water increases the vertical
gradient, and vertical eddy mixing, generated by bottom friction stress, tries to break down the
vertical stratification.
Figure 5.21 and Figure 5.22 show the surface and bottom salinity distribution at four
different tidal phases of a mean tidal cycle during wet season respectively. The rapid change of
the isohaline represents the movement of water mass in Southampton Water. From isohaline
distribution, results always show a tendency of intrusion of saltier water at bottom and flushing
out of fresher water at surface.
Figure 5.23 and Figure 5.24 is the vertical-longitudinal salinity distribution during neap,
wet season and spring, wet season respectively.
Figure 5.25 is the time-averaged surface salinity distribution for neap, mean and spring
tidal conditions in Southampton Water. The main pattern of the time-averaged surface salinity
distribution is that the higher the tidal range, the higher the surface salinity in the estuary. By
contrast, the pattern of time-averaged bottom salinity distribution (Figure 5.26) is that the higher
the tidal range, the lower the bottom salinity in the estuary. Figure 5.27 shows the time- and
depth- averaged salinity distribution in Southampton Water.Figure 5.25 Time-averaged surface salinity distribution
(9-layer model output) in Southampton Water during wet season
a. neap tide
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to 00:24, 23/02/98)
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128Time averaged vertical-longitudinal salinity distribution (Figure 5.28) shows a clear
neap-spring variation. The vertical stratification will increase when tidal range decreases.
During neap tide, weak current causes weak vertical eddy mixing, hence strong vertical salinity
stratification (Figure 5.28a). The strong current will cause the strong vertical mixing and may
break down the salinity vertical stratification. During spring tide, the vertical salinity
distribution (Figure 5.28c) is almost homogeneous.
During dry season, comparing with the salinity distribution (Figure 5.20, Figure 5.21,
Figure 5.22) during wet seasonal under similar tidal range, salinity (Figure 5.29, Figure 5.30,
Figure 5.31) will increase, and the high salinity gradient area will be more limited near the fresh
water sources. For most areas away from the fresh water sources, salinity gradient will decrease.
Figure 5.32 and Figure 5.33 is the vertical-longitudinal salinity distribution during neap
tide, dry season and spring tide, dry season respectively. The vertical salinity gradient will
increase during the neap tide (Figure 5.32). Model also shows that at high water during spring
tide, dry season there is no vertical salinity gradient at some point (Figure 5.33c).
Time averaged horizontal salinity distribution (Figure 5.34, Figure 5.35, Figure 5.36)
during dry season has a similar pattern of distribution as during wet season (Figure 5.25, Figure
5.26, Figure 5.27), but shows a lower salinity gradient and less high salinity water intrusion in
the bottom. Figure 5.37 gives a time-averaged vertical-longitudinal salinity distribution during
dry season.
The lateral salinity distribution (Figure 5.38a-e) is not so obvious to interpret. From the
averaged salinity distribution (Figure 5.38e) shows that it is likely that in Southampton Water, a
typical partially-mixed estuary, saltier sea water tends to intrude upstream into Southampton
Water on the east side of the deep channel, the fresher water goes out from west side of the
estuary.
5.9 Comparison of salinity between observation and model results
Figure 5.39 is the 25 hours (approximately two M2 tidal cycles) observed salinity
distribution at Hound Buoy on 18-19 June 1998. The minimum surface salinity occured at low
water, then the salinity increased with rising water level, but the second salinity minimum
occurs during the 'young flood stand'. The model currents (5.17) show the reverse of the
surface tidal current during the 'young flood stand', although current measurement did not show
the surface current. The decrease of salinity during the 'young flood stand' strongly suggests
that the currents reversed at the surface.
A further interesting feature is the decrease of the surface salinity after the first high
water, and increase of the salinity in bottom water, which is probably due to the decrease of
vertical eddy mixing at the stable stage of double high water. The weak vertical eddy mixing
makes the longitudinal density gradient overcome the shear stress between the surface and
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The model results (Figure 5.40) successfully regenerate these phenomena, with the
same pattern of salinity distribution. However there are some differences between the model
result and the observed salinity distribution:
1. The modelled depth-averaged salinity is higher than the observed one.
2. The vertical stratification is stronger in the observations than in the model.
Salinity boundary condition will certainly affect the salinity distribution in the estuary,
and the high depth-averaged salinity in the model mainly results from the all seasons high
salinity (34.5) on the boundary. The stronger vertical stratification in the observations is
probably due to the numerical dispersion in the model.
5.10 Conclusion
The 3-D hydrodynamic model has been applied in Southampton Water. The model has
successfully regenerated the tidal elevation, currents (tidal current, estuarine circulation), and
salinity distribution in three dimensions. This model can be used to predict tidal elevation, tidal
current, circulation, distribution of conservative matter (e.g. salinity) or non-conservative
parameters of water quality (e.g. nutrients, DO, primary production).
The application of this 3-D baroclinic finite element model in Southampton Water could
be further improved in particular by:
1. Better tide (better tide boundary condition therefore more accurate tidal currents), salinity
boundary conditions
2. Inclusion of temperature
3. Improving horizontal and vertical resolution
134allows us to distinguish between the impact of the external load to the water quality and the
impact of the internal algal growth to the water quality.
1517.3.2 Dissolved oxygen
Figure 7.4a-b shows the seasonal variation of dissolved oxygen % saturation (daily
averaged) in the Itchen Estuary and Southampton Water. From Woodmill at the head of the
Itchen Estuary, downstream for about 2 km distance there is a persistent surface DO sag (Figure
7.4a) throughout the year. The surface DO saturation in this area is below 90% for most periods,
but never below 80%. Beyond this 2 km region, the DO saturation is above 90% throughout the
year, and usually the farther from Woodmill, the higher the DO saturation. In the area near
Calshot Buoy, the waters are usually fully saturated, with DO more than 98%. On some
occasions the model results shows oversaturation near Calshot Buoy when there is a rapid
increase in water temperature. This is because for a water body with a certain DO concentration,
when the temperature increases, DO saturation concentration decreases therefore DO %
saturation decrease. If the water is near saturation, the increase of water temperature may cause
the oversaturation of the water. In the model, the water temperature is set by the observed data
from the survey. When the temperature increases rapidly, the atmospheric re-aeration at the air-
sea interface is not rapid enough to release the extra oxygen to the atmosphere, then
oversaturation occurs. Similarly low DO (less than 98%) saturation in November is partly due to
the decrease of water temperature. The magnitude of DO saturation due to the pure physical
factor is minor (less than 2%) in the model. In reality, the change of water temperature is
probably more smooth.
The bottom waters show a similar pattern of DO sag (Figure 7.4b) near the head of the
Itchen Estuary, but this is more severe than at the surface, especially in the period of relatively
high water temperature (DO saturation occasionally less than 80%). The minimum DO
saturation from the model is about 76% in summer. During winter the bottom DO saturation is
always above 80%. For most parts of the estuary, there is no significant difference in DO
saturation between the surface and bottom waters.
A comparison of seasonal variation of DO saturation between the external model and
from survey results is given in Figure 7.5a-j at 10 stations throughout the estuary. Model and
survey both show a persistent DO sag at stations near the head of estuary including Woodmill,
Portswood sewage outfall, Cobden Bridge and Northam Bridge. The DO sag is greater in the
summer than that in the winter at these stations. From the Itchen Bridge down stream to Calshot
Buoy there is not significant seasonal variation of DO saturation in the external model, while
the survey results show supersaturation during the phytoplankton growth season due to release
of free oxygen by phytoplankton photosynthesis.
Figure 7.6a-j shows the longitudinal distribution of DO saturation on dates when the
surveys were conducted. The DO of fresh water input from the River Itchen at the head of the
estuary is fully saturated, then it drops rapidly downstream in a short distance due to DO
159Figure 7.4 Seasonal variation of a) surface and b) bottom DO saturation (%) from external
model in the Itchen Estuary and Southampton Water
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164consumption by external BOD loads. The DO, after reaching a minimum value near Portswood
sewage outfall (0.68 km) and Cobden Bridge (1.12 km) recovers downstream to a value
approaching 100%. The model has successfully simulated the DO sag for all periods of the year,
but the DO saturation values are relatively low downstream compared with the survey result
during the phytoplankton growth season, when DO supersaturation was observed during the
survey.
7.3.3 Oxygen demanding matter
There are only two processes which consume dissolved oxygen in the external model,
one is oxidation of organic oxygen demanding matter, and the other is the nitrification of
ammonia nitrogen. The BOD is the main sink of dissolved oxygen, and the impact of
nitrification is minor to the DO concentration. The total year averaged BOD load into the Itchen
Estuary is about 970 kg d"
1, of which about 780 kg d"
1 comes from the Itchen River (HR
Wallingford, 1995). Of the BOD load from the River Itchen, about 50% is dissolved
carbonaceous biochemical oxygen demand, and half is particulate organic oxygen demanding
matter.
The surface dissolved carbonaceous biochemical oxygen demand concentration (Figure
7.7a) range is between 5.0-30.0 [xmol I"
1. The bottom concentration (Figure 7.7b) range between
3.0-23.0 which is lower than the surface concentration. The estuarine circulation contributes to
this surface/bottom difference. In the summer the BOD load is lower than the winter due to the
reduced river flow in the summer. The seasonal variation of the dissolved carbonaceous
biochemical oxygen demand concentration (Figure 7.7a-b) reflects this factor.
The distribution of particulate organic oxygen demanding matter is quite different to the
distribution of the dissolved organic oxygen demanding matter (Figure 7.8a-b). The maximum
surface particulate organic matter concentration near the head of the estuary (Figure 7.8a) is
about 1000-2000 (Xmol I"
1. The concentration decreases downstream to about 10 ^imol I"
1 near
Dockhead (8 km from Woodmill), where the Itchen Estuary joins Southampton Water. The
surface particulate organic matter shows a strong pattern of half-month oscillation, which is
related to the spring neap cycle of tidal currents.
The bottom particulate organic matter concentrations (Figure 7.8b) are much higher
than the surface concentration due the sedimentation of particulate matter. The concentration
can be as high as 5000 umol I"
1. There is apparent accumulation of particulate organic matter
near the head of the estuary, where the landward bottom estuarine circulation ends.
7.3.4 Inorganic nutrients
The inorganic nutrients, including ammonium, nitrite and phosphate have been
modelled in the external model.
165Figure 7.16 Seasonal variation of a) surface and b) bottom DO saturation (%) from integrated
model (with sedimentation) in the Itchen Estuary and Southampton Water
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Month, from January 1998 to December 1998Figure 7.18a-j Longitudinal distribution of DO saturation (%), comparison between
integrated model (with sedimentation) results and observations in 1998
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178model also simulates a sharp decrease in nitrate concentration. The nitrate concentration in the
model can be less than 20 p,mol I"
1 at low water. After the second bloom the observed nitrate
concentration recovered to pre-bloom levels (30 nmol I"
1), but this is much lower than the model
concentration.
The model nitrate data from Calshot Buoy is quite low compared with the observations,
and is rarely higher than 10 [imol I"
1. The observed nitrate concentration ranges between 20-30
|Xmol I"
1, before the algal bloom, compared with the model value of 5-10 |0,mol I"
1. The observed
nitrate concentration dropped to quite low levels during the bloom, but these are higher than the
model result with nitrate concentration being less than 0.5 fimol I'
1. The observed nitrate
concentration increased to 23 |0.mol I"
1 in December.
7.4.1.4.3 Phosphate
There is only a small depletion of phosphate (Figure 7.26a-b) in the estuary during the
bloom, and this probably indicates that the algal bloom is not phosphate. The decomposition of
detrital carbon derived from the algal carbon increases the phosphate concentration in the Itchen
Estuary after the bloom collapsed. The increase of phosphate due to remineralization after the
bloom can be clearly seen at NW Netley (Figure 7.25c), while the data from the survey shows a
depletion of phosphate in the water column. The observed phosphate concentration is about the
same magnitude as the model at Calshot Buoy (Figure 7.25d), and the model value is about 2-3
times higher than the observed value at NW Netley.
7.4.1.4.4 Nutrients versus salinity
During the non-phytoplankton growth season, the model nutrient concentration plotted
against salinity does not change, because there is little impact of nutrient removal by
phytoplankton photosynthesis. The apparent impact of the phytoplankton activity on nutrients
can be seen during the phytoplankton bloom. Figure 7.27a show uptake of nitrate by the
phytoplankton bloom (i.e. non-conservative removal at high salinity), and this removal of nitrate
in the model improves the fit to the observation in comparison to the external model output
(Figure 7.14a). Ammonium concentration (Figure 7.27b) is almost double compared with the
external model results (Figure 7.14b), due to the remineralization of the detrital carbon. The
model data (Figure 7.27b) shows removal of ammonium (non-conservative behaviour) at high
salinity (>30). Phosphate (Figure 7.27c) also shows the impact of remineralization, and the
model results do not fit the survey data very well. The nutrient model result forl2/08/98 bloom
(Figure 7.28) also shows the nitrate fits the data well, but for phosphate and ammonium the
agreement is poor for a salinity of less than 32.
185Figure 7.23 Seasonal variation of a) surface and b) bottom ammonium concentration (umol I
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from integrated model (with sedimentation) in the Itchen Estuary and Southampton Water
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186Figure 7.28 Nutrients (daily averaged output (integrated model with sedimentation),
observations) plotted against salinity in the Itchen Estuary and Southampton Water, 12/08/98
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35Figure 7.29 Seasonal variation of a) surface and b) bottom DO saturation (%) from integrated
model (without sedimentation) in the Itchen Estuary and Southampton Water
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Month, from January 1998 to December 1998Figure 7.33 Nutrients (daily averaged output (integrated model without sedimentation)
observations) plotted against salinity in the Itchen Estuary and Southampton Water 05/06/98
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197Figure 7.34 Nutrients (daily averaged output (integrated model without sedimentation),
observations) plotted against salinity in the Itchen Estuary and Southampton Water, 12/08/98
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from integrated model (without sedimentation) in the Itchen Estuary and Southampton Water
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204particulate organic matter to be hydrolysed into dissolved organic matter and thus can then
escape the trap of estuarine circulation. In addition the model does not include deposition, a
processes which may limit the mobility of particulate organic matter. A possible further
improvement of the model would be to introduce a sediment layer which allows the deposition
of organic matter.
7.5.3 Zooplankton in the model
Zooplankton are not a key factor influencing the balance of phytoplankton dynamics in
the model due to the setting of parameters related to zooplankton, although existence of the
herbivorous zooplankton will reduce the phytoplankton biomass, and also contribute to the
collapse of algal bloom. The main balance in the internal model is the balance among
phytoplankton photosynthesis, phytoplankton mortality and phytoplankton respiration.
Since there is a limited zooplankton data for Southampton Water, it is difficult to judge
if they are important in controlling phytoplankton dynamics. It is without doubt that when a
predator-prey (phytoplankton-herbivore) type model is used to model the seasonal variation of
phytoplankton, the model will be very sensitive to the parameters. The highly non-linear
interaction of predator-prey (phytoplankton-herbivore) type models causes extremely difficulty
in obtaining a reasonable result. Some models (Tett, 1990) did not have the zooplankton as a
state variable. Fasham et al. (1994) showed a clear seasonal oscillation of phytoplankton in the
Indian Ocean, with the main balance between the phytoplankton photosynthesis and
zooplankton. This is probably true for an oceanic station, relatively isolated, but for estuarine
and coastal waters, it is less well known.
Further work is needed to better define the role of zooplankton and benthic population
in regulating phytoplankton dynamics in Southampton Water.
7.5.4 Conclusion
A 3-D water quality (DO) model, which include both an external model and an internal
model, has been developed and has been applied in the Itchen Estuary and Southampton Water.
The model has successfully simulated the seasonal variation of the water quality in the Itchen
Estuary and Southampton Water. Model results show a reasonable agreement with the observed
survey data.
205of the quasi-equilibrium version of the Mellor-Yamada level 2.5 turbulence closure which was
first modified by Galperin et al. (1988). Finally the model that has been developed is designed
to be used in estuaries and coastal waters with a scale from 100s m - 100s km in environment
having complex bathymetry, and tides or wind are the dominant force. Beyond this scale the
model's competitive ability has not been fully examined. The main characteristic of the modal
are:
1) It is three dimensional
2) It is baroclinic
3) It includes dry-wet processes (covering the tidal flats)
4) It uses sigma co-ordinate in vertical
5) It uses a Mellor-Yamada level 2.5 two equation turbulence closure
6) It uses the split mode method
7) It has a mass-conservative upstream scheme for vertical and horizontal advection term and
mass conservative scheme for mixing term.
The model as a finite element model however does have two disadvantages:
1) It is expensive on computer time (depend on its application under different circumstance)
2) Data manipulation is relatively difficult compared with conventional finite difference mesh
grid
8.1.4 Model results
The hydrodynamic model has been successfully applied to the Solent, Southampton
Water, Test Estuary and Itchen Estuary. The model results have been compared against data
collected during a field survey campaign and data from other sources. No efforts have been
made to tune the model to achieve better results, and the parameters in the hydrodynamic model
are all inherited rather than adapted.
The model has successfully simulated the tides and estuarine circulation in the Itchen
Estuary and Southampton Water. Tidal induced water exchange at the entrance to Southampton
Water from the Solent, water mass transportation, and tidal induced residual currents have also
been examined in the estuary.
The seasonal variation of water temperature was not implicitly modelled. Under some
circumstance, the modelling of solar heating in the water column is important to predict the
vertical stratification and the depth of the thermocline, but this is not important in Southampton
Water, a partially mixed estuary. The model underestimated the vertical gradient of salinity in
the model, especially when the 3-layer model was used.
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Technically generally the advection-dispersion equation without sink and source term is
a water quality model, which describe the conservative distribution of the water quality under
the physical processes, mixing and advection. The 3-D hydrodynamic model described in
Chapter 4 provided a physical framework for water quality model. Besides the physical
processes, Chapter 6 describes chemical and biological processes in the water quality model.
The water quality model consists of an external model, which models the impact of external
sources of organic matter to the water quality, and an internal model, which models the impact
of phytoplankton growth on the water quality.
Unlike the hydrodynamic model which is governed by standardised Navier-Stokes
equations, the parameterisation of the water quality model is based on information from the
literature (see Appendix 1 and Appendix 2).
8.2.3 Suspended particulate matter (SPM)
Suspended particulate matter (SPM) is the key to water quality modelling in estuaries.
In shallow waters, with a strong tidal induced turbulence generated from the bottom current
stress and surface wind stress, SPM is brought into the surface layer by turbulence, where it
absorbs light and in turn limits algal photosynthesis.
The prediction of the fate of SPM is not easy, because the difficulties of the prescription
of the sink and sources terms. The settling velocity will change according to the size, shape and
density of the individual particles. It is necessary to classify the SPM into a spectrum defined by
its size, shape and density, and to model the SPM separately.
The current work has modelled the particulate organic matter with a uniform settling
velocity. Due to lack of observation data, the model does not predict the SPM concentration in
the water column. In the model there is no deposition or resuspension of SPM, which is a
recognised weakness of the model which needs to be addressed in future work.
8.2.4 Estuarine circulation and its impact on water quality in the estuary
Estuarine circulation results from the baroclinic effects of intersection of density surface
with pressure surface, and has a general pattern with a surface seaward flow and bottom
landward currents. There are two significant impacts to water quality in the estuary. First,
estuarine circulation accelerates the replacement of estuarine water with saltier bottom water. In
Southampton Water, the tidal induced Lagrangian residual currents are extremely small, so the
water exchange is limited, without the estuarine circulation, except near the entrance to
Southampton Water, where the water exchange is more rapid due to the prevailing westward
tidal induced residual currents. The water exchange is predominantly affected by the estuarine
circulation. The flushing time in the estuary is short, which may limited the impacts of
210pollutants. For dissolved oxygen, the bottom saturated water will prevent further deterioration
of water quality in the estuary, e.g. when blooms occur.
The second effect of estuarine circulation, is to bring fine paniculate suspended matter
into the estuary by the landward bottom flow. Finally the fine particulate suspended matter may
be trapped near the point where the landward current dwindles, and forms a zone called the
'maximum turbidity zone' with accumulated suspend matter. The accumulation of particulate
organic matter may result in the severe depletion of DO.
The following conclusions can be drawn,
1. Estuarine circulation is the main mechanism in a partially-mixed estuary for water
transportation.
2. A decrease in the fresh water discharge will reduce the strength of the estuarine circulation,
therefore increase the resident time in the estuary. There should be a minimum limit to the
fresh water discharge from the estuary, especially in the summer (algal growth, and high
temperature therefore high SOD).
3. The deep dredged channel will help the development of the estuarine circulation, by
reducing the impact of bottom friction and vertical mixing.
4. Severe DO depletion is more likely to happen in the 'maximum turbidity zone', where the
landward current declines.
8.2.5 Sediment oxygen demand (SOD), Bottom boundary layer and sediment
layer model
The sediment oxygen demand (SOD) has not been included in the water quality model,
because it is very complex in nature and also because of lack of data. Effects of sediment
oxygen demand on DO probably are partly compensated for by the high oxygen demand of the
particulate matter in the bottom layer of the model.
Sediment processes are very important to the whole community metabolism, in terms of
water column oxygen respiration, and the nutrient budget. Free oxygen exchange across the
sediment and water column interface has a significant impact on the whole DO budget.
Sediment oxygen demand (SOD) has a high variability depending on the temperature,
sedimentation etc., and ranges from 10% to 70% of total community respiration. Measurement
of SOD normally involves incubation of sediment cores (Rees & Williams, 1982; Rowe &
Phoel, 1992; Tahey, 1996) or via the gradient of the DO through the water column (Kemp &
Boynton, 1980).
In the Test Estuary, it was estimated (Rees and Williams, 1982) that on average, SOD
(using incubation of cores) was about 11% of whole water column respiration. Rees and
William (1982) suggested that the DO sag was probably the result of water column respiration
rather than sediment respiration. Similarly Soulsby et al. (1984) have modelled some bloom
211grid scale and is not explicitly resolved. Temperature prediction has not been implemented at
this stage.
A water quality model has been developed and validated using data collected during
periods from January 1998 to March 1999. The model was able to simulate the impact of
external sources of oxygen demand matter and nutrients to the water quality. A seasonal
variation of the water quality impact due to phytoplankton growth was simulated by the internal
model. Model results generally agree favourably with the observation.
There are several aspects of the model which could be improved in the future. For the
hydrodynamic model, the priority is to predict the water temperature in the model. Inclusion (by
parameterisation or coupling in the model) of the wave climate would be another step forward
to refining the hydrodynamic model in the near shore region, where waves have a significant
impact to the mixing and transport of pollutants. It would also be valuable to quantitatively
examine the model performance, to compare the model with other hydrodynamic models used
in estuarine and coastal waters, and to evaluate its competitiveness. But for the hydrodynamic
model developed itself there really is not much space left for further development.
The main task of the water quality model further development is to develop a sediment layer
model which allows the deposition and resuspension of sediment, as well as the chemical and
biological processes in the sediment layer, and allow contaminant exchange between the water-
sediment interface. A further refinement of the water quality is necessary based on the existing
model.
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